Introduction {#j_hukin-2018-0052_s_001}
============

Many studies have confirmed that cross-country skiers have a high level of aerobic capacity, assessed using maximal oxygen uptake (VO~2max~) ([@j_hukin-2018-0052_ref_010]; [@j_hukin-2018-0052_ref_022]; [@j_hukin-2018-0052_ref_024]; [@j_hukin-2018-0052_ref_001]; [@j_hukin-2018-0052_ref_025]). In order to achieve optimal results, cross-country skiers need to train during the entire year. However, the training methods available depend on the weather conditions and the geographical location. These two factors determine in particular whether or not it is possible for the skiers to train on snow. If the skiers are unable to perform this kind of training in their home country, they frequently have to train abroad, which makes training highly expensive. In such situations, training on snow is often replaced by roller skiing, training on skiing ergometers, running exercise imitating cross-country skiing, or running. All of these methods are aimed at increasing aerobic capacity, which is one of the main determinants of performance outcomes in cross-country skiing ([@j_hukin-2018-0052_ref_015]; [@j_hukin-2018-0052_ref_016]; [@j_hukin-2018-0052_ref_018]).

In order to select appropriate training loads, several variables at the anaerobic threshold (AT4) are used: heart rate (HRAT4), oxygen uptake (VO~2AT4~), pulmonary ventilation (VE~AT4~), as well as velocity during cross-country skiing, roller skiing, or running (V~AT4~) or power (PAT4) during exercise

performed on a ski ergometer. In the literature ([@j_hukin-2018-0052_ref_006]; [@j_hukin-2018-0052_ref_009]; [@j_hukin-2018-0052_ref_012]; [@j_hukin-2018-0052_ref_011]), results achieved in various types of exercise tests specific for cross-country skiing have been compared to each other; this includes roller skiing tests performed under field and laboratory conditions (on a treadmill), as well as arm ergometer tests. Many studies ([@j_hukin-2018-0052_ref_003]; [@j_hukin-2018-0052_ref_013]; [@j_hukin-2018-0052_ref_023]) have found relationships between different types of tests and physical capacity in particular cross-country skiing techniques. Previously conducted research has assessed physical capacity variables during simulated cross-country skiing sprinting, roller skiing or skiing using the double poling technique (DP). It has been confirmed that there is a relationship between tests conducted under laboratory and field conditions ([@j_hukin-2018-0052_ref_014]; [@j_hukin-2018-0052_ref_019]; [@j_hukin-2018-0052_ref_029]; [@j_hukin-2018-0052_ref_030]). The results obtained by various research groups indicate that it is possible to select a test which is optimal for determining physiological variables which are to be applied in training using the classical technique (CT) or the skating technique (ST).

The literature concerning the methodology of training cross-country skiers includes several studies which have compared roller skiing treadmill tests and ski ergometer tests with field tests performed using the ST ([@j_hukin-2018-0052_ref_005]; [@j_hukin-2018-0052_ref_008]). Fewer reports are available with regard to cross-country skiing or roller skiing performed using the CT in field conditions, and they most frequently concern the measurement of physical capacity variables during DP ([@j_hukin-2018-0052_ref_002]). Double poling engages a smaller number of muscle groups than the diagonal stride (DS), which involves using both the upper and lower limbs, and this has an impact on the values of the physiological variables achieved by the skiers. Lower values of maximal oxygen uptake in double poling than in the diagonal stride were reported by [@j_hukin-2018-0052_ref_021], [@j_hukin-2018-0052_ref_022]), [@j_hukin-2018-0052_ref_002], and [@j_hukin-2018-0052_ref_027]. Those findings suggest that for comparison of physiological response during ST and CT roller skiing, diagonal stride technique or kick double pooling technique should be used. [@j_hukin-2018-0052_ref_007] reported that oxygen cost of skating and kick double pole running was similar.

Although a considerable amount of research has been conducted regarding the physiological aspects of cross-country skiing, few authors have compared the skating and diagonal stride techniques during skiing. To the best of our knowledge, there have been no previous reports about the comparison of different roller skiing techniques under field conditions which are commonly used during summer preparations; thus, there is a gap in the scientific approach to the methodology of cross-country skiing training. In the light of the above, the main purpose of the current study was to evaluate the impact of roller skiing techniques measured under field conditions on physical capacity variables in cross-country skiers. Another goal of the study was to evaluate the possibility to use the results of the tests which were conducted under natural (CT and ST roller skiing) and laboratory (treadmill running) conditions interchangeably in determining training loads.

Methods {#j_hukin-2018-0052_s_002}
=======

Participants {#j_hukin-2018-0052_s_002_s_001}
------------

The participants of the study were elite Polish cross-country skiers (4 male skiers and 4 female skiers; members of the National Senior and U23 Teams), World Cups, World Championships or Olympic Games' participants. The mean age of the subjects was 20.5 ± 2.0 years (range 17.6-23.4 years), the women's mean height was 166.3 ± 5.0 cm and that of men was 175.8 ± 6.6 cm, mean body mass was 52.1 ± 5.3 kg for women and 69.4 ± 7.0 kg for men, and the subjects' skiing experience was 8.8 ± 1.3 years. Measurements were done in the training period preceding the winter season. The athletes performed typical summer training for cross-country skiers during the study period. A substantial part of the weekly training plan was carried out on roller skis. Each of the subjects had a medical certificate confirming that they could perform high intensity exercise. Each subject gave written consent to participate in the study. For the participants under 18 years of age written parental consent was obtained. The participants were informed about the risks associated with taking part in the study and about the possibility to withdraw from the study at any moment. The study was approved by the local Research Ethics Committee, approval number KEBN-12-12-AK.

Physical capacity assessment {#j_hukin-2018-0052_s_002_s_002}
----------------------------

The athletes performed two types of graded tests: one in the laboratory on a treadmill and the other two under field conditions on roller skis. Both types of tests were conducted within a 2-week period in order to compare the skiers' specific (roller skiing) and general (treadmill running) physical capacities. All the tests were performed in the morning, after a light breakfast, between 9.00 and 12.00 am. According to previous roller skiing testing procedures, protocols were designed on the inclined terrain to achieve maximal physical capacity values.

As for the roller skiing tests under field conditions, their performance was preceded with an individual warm-up lasting 20-30 minutes. The graded uphill ST and CT (self and terrain dependent diagonal stride or double pole kick technique) roller skiing tests were carried out to exhaustion, with a one-day break between them. On the first day the ST test and during the second day the CT test were conducted. Environmental conditions during the tests were similar on both days. On the first day, the temperature was 16.6 ± 0.6°C, humidity 89.1 ± 2.0% and air pressure 895 ± 1.5 hPa, while on the second day it was 15.7 ± 1.6°C, 86.6 ± 4.5%, and 899 ± 5.5 hPa, respectively. The order of the tests was in accordance with the training programme of the National Team. It was assumed that in elite athletes, tests' order would not affect the results. During the tests performed using both techniques, the skiers individually adapted their running style to a particular velocity and inclination. The duration of the exercise bouts was 4 minutes, and 1-min breaks were taken for collecting blood samples. The criterion for selecting the intensity of the exercise was the velocity of roller skiing. The velocity of ST roller skiing in the first bout of exercise was 12 km/h, and it was increased by 2 km/h both in female and male athletes in subsequent bouts. In the CT test, the velocity during the first exercise bout was 10 km/h for women and 12 km/h for men, and it was increased by 2 km/h in each of the following bouts. A pacemaker cycled next to the subjects in order to make sure that they maintained a particular velocity during the ST and CT tests ([Figure 1](#j_hukin-2018-0052_fig_001){ref-type="fig"}).

![Graded skating roller skiing test performed at the velocity imposed by the pacemaker.](hukin-66-111-g001){#j_hukin-2018-0052_fig_001}

During the last (fourth) bout of the ST and CT tests, the skiers exercised with maximal intensity. As it was impossible for the subjects to maintain constant velocity in the last exercise bout, maximal velocity was not measured.

All the tests were performed on an asphalt surface with a varying inclination angle, which was 4% on average. During the tests performed using both the diagonal stride and skating techniques, the skiers wore SWENOR roller skis with standard resistance 2 wheels.

The treadmill running (TR) test included 5-min bouts of exercise with an initial inclination of 1.5%. Initial running velocity was 10 km/h for women and 12 km/h for men, and in subsequent exercise bouts, running velocity was increased by 2 km/h. In the fifth bout, a constant velocity (16 km/h for women and 18 km/h for men) was maintained, and the inclination was increased by 1.5% at the beginning of this bout and then every 2 minutes. The tests were performed to volitional exhaustion under standard laboratory conditions.

Based on the exercise tests, the anaerobic threshold (AT4) was determined for each subject for the blood lactate concentration of 4 mmol/l using the interpolation method. The threshold values of the HR, VE, V and VO~2~ for each test were determined.

Plasma blood lactate concentrations (BLa) were measured in the blood collected from the earlobe immediately after the subjects completed each bout of exercise. BLa concentrations were determined using a Dr. Lange LP400 photometer (Hach Lange Gmbh, Germany). During the tests, we continuously recorded the HR using a POLAR s710 heart rate monitor (Polar Electro Europe AG, Switzerland) and respiratory exchange variables in a breath-by-breath (BxB) mode using a MetaMax 3B gas analyser (CORTEX Biophysik GmbH, Germany). Before each test, the apparatus was calibrated (Mcfarlane et al., 2012). [@j_hukin-2018-0052_ref_026] reported validity and reliability of the MetaMax 3B in a group of elite athletes.

Statistical analysis {#j_hukin-2018-0052_s_002_s_003}
--------------------

Tests for dependent samples were used in order to compare the values of exertion variables measured during the treadmill test and in field tests. The results were analysed using Friedman's non-parametric one-way analysis of variance (ANOVA), and post-hoc Dunn-Bonferroni tests were performed to verify the statistical significance of the differences between particular tests. Statistical significance was set at *p* ≤ 0.05. All statistical analyses were carried out using STATISTICA 12 (StatSoft, Inc.; 2014).

Results {#j_hukin-2018-0052_s_003}
=======

ANOVA demonstrated significant differences in the selected physical capacity variabls for the three tests, that is the treadmill test and the field diagonal stride and skating roller skiing tests ([Table 1](#j_hukin-2018-0052_tab_001){ref-type="table"}). Significant differences were observed in anaerobic threshold velocity (V~AT4~, *p* = 0.002), threshold heart rate (HR~AT4~, *p* = 0.004), threshold pulmonary ventilation (VE~AT4~, *p* = 0.011), maximal heart rate (HR~max~, *p* = 0.002), maximal oxygen uptake per kilogram of body mass (VO~2max/kg~, *p* = 0.008), and peak blood lactate concentration (BLa~max~, *p* = 0.016).

###### 

Analysis of variance for selected exertion variables describing cross-country skiers' physical capacity (n = 8).

  Variable               Test           Mean ± SD      Minimum   Maximum   *p*
  ---------------------- -------------- -------------- --------- --------- -----
  V~AT4~ (km/h)          Skating        14.7 ± 1.17    12.9      16.4      
  Classical              13.4 ± 1.11    12.1           15.2      0.002     
  Treadmill running      13.7 ± 0.59    12.7           14.4                
  HR~AT4~ (bpm)          Skating        175.3 ± 10.8   156.0     194.0     
  Classical              175.8 ± 10.9   159.0          194.0     0.004     
  Treadmill running      181.5 ± 11.1   160.0          194.0               
  VO~2AT4~ (ml/kg/min)   Skating        56.0 ± 4.27    49.5      62.9      
  Classical              53.7 ± 3.90    48.1           60.2      0.093     
  Treadmill running      54.1 ± 2.91    51.4           60.0                
  VE~AT4~ (l/min)        Skating        108.4 ± 22.7   78.0      142.0     
  Classical              101.1 ± 18.6   84.0           131.0     0.011     
  Treadmill running      92.8 ± 22.1    69.0           123.0               
  HR~max~ (bpm)          Skating        189.3 ± 10.9   169.0     207.0     
  Classical              188.9 ± 10.6   170.0          203.0     0.002     
  Treadmill running      199.5 ± 10.3   181.0          211.0               
  VE~max~ (l/min)        Skating        143.6 ± 31.6   105.0     190.0     
  Classical              139.8 ± 31.7   105.0          183.0     0.159     
  Treadmill running      132.9 ± 24.6   105.0          173.0               
  VO~2max~ (ml/kg/min)   Skating        64.0 ± 4.65    56.3      68.6      
  Classical              61.5 ± 5.09    51.8           67.3      0.008     
  Treadmill running      65.9 ± 2.30    60.5           67.6                
  BLa~max~(mmol/l)       Skating        9.5 ± 1.77     7.5       12.7      
  Classical              10.0 ± 2.00    7.4            13.9      0.016     
  Treadmill running      13.3 ± 2.48    10.7           17.6                

Threshold (AT4) and/or maximal (max) values are given for velocity (V), heart rate (HR), oxygen uptake (VO~2~), pulmonary ventilation (VE), and blood lactate concentration (BLa).

Post-hoc testing showed significant differences between relative maximal oxygen uptake (VO~2max/kg~) during the CT test compared to the TR test (*p* = 0.008), as shown in [Figure 2](#j_hukin-2018-0052_fig_002){ref-type="fig"}. Despite the fact that mean VO~2max/kg~ values were 3% higher in the ST test than in the TR test, a non-significant trend in VO~2max/kg~ values was observed between the tests (*p* = 0.073).

![Post-hoc analysis of relative maximal (vo~2max/kg~) and threshold (vo~2at4/kg~) oxygen uptake values measured in the three types of tests in cross-country skiers (n = 8).\
\# -- statistically significant difference between the skating and classical technique tests (p \< 0.05).](hukin-66-111-g002){#j_hukin-2018-0052_fig_002}

The post-hoc tests found significant differences in the threshold values for the heart rate (HR~AT4~) between the ST and TR tests (*p* = 0.012) ([Figure 3](#j_hukin-2018-0052_fig_003){ref-type="fig"}). HR~max~ achieved during TR was significantly different from that in the DS (*p* = 0.008) and ST (*p* = 0.008) tests.

![Post-hoc analysis of relative maximal (hr~max~) and threshold (hr~at4~) heart rate values measured in the three types of tests in cross-country skiers (n = 8).\
\# -- statistically significant difference between the classical technique and treadmill running tests (p \< 0.05).\
\* -- statistically significant difference between the skating technique and treadmill running tests (p \< 0.05).](hukin-66-111-g003){#j_hukin-2018-0052_fig_003}

Maximal pulmonary ventilation (VE~max~) did not differ significantly between the tests; however, significant differences were observed in VE~AT4~ between the ST and TR tests (*p* = 0.008), as illustrated in [Figure 4](#j_hukin-2018-0052_fig_004){ref-type="fig"}.

![Post-hoc analysis of maximal (ve~max~) and threshold (ve~at4~) pulmonary ventilation values measured in the three types of tests in cross-country skiers (n = 8).\
\* -- statistically significant difference between the skating technique and treadmill running tests (p \< 0.05).](hukin-66-111-g004){#j_hukin-2018-0052_fig_004}

V~AT4~ was significantly different between the threshold velocity during the ST and DS roller skiing tests (*p* = 0.002) and between the ST and TR tests (*p* = 0.026). However, no differences were observed in V~AT4~ between the CT and TR roller skiing tests ([Figure 5](#j_hukin-2018-0052_fig_005){ref-type="fig"}). Significant differences were also found in peak blood lactate concentration (BLa~max~) between the ST and TR tests (*p* = 0.026).

![Post-hoc analysis of threshold velocity (v~at4~) and peak blood lactate concenration (bla~max~) measured in the three types of tests in cross-country skiers (n = 8).\
\# -- statistically significant difference between the skating technique and treadmill running tests (p \< 0.05).\
\* -- statistically significant difference between the skating and classical technique tests (p \< 0.05).](hukin-66-111-g005){#j_hukin-2018-0052_fig_005}

Discussion {#j_hukin-2018-0052_s_004}
==========

The main aim of the study was to determine whether it was possible to use most of the threshold variables obtained following roller skiing tests performed using the classical or skating techniques in order to plan skiers' summer training programs. When threshold values for these techniques were compared, significant differences were found only for threshold velocity (V~AT4~), as shown in [Figure 5](#j_hukin-2018-0052_fig_005){ref-type="fig"}. HR~AT4~, VE~AT4~, and VO~2AT4/kg~ did not differ between tests performed using the two techniques ([Figures 2](#j_hukin-2018-0052_fig_002){ref-type="fig"}-[4](#j_hukin-2018-0052_fig_004){ref-type="fig"}). [@j_hukin-2018-0052_ref_028] observed similar relationships between HR~AT4~, VE~AT4~, and VO~2AT4~ threshold values in cross-country skiing using the two techniques. Our findings confirmed that it was possible to carry out only one type of a roller skiing test, with the use of one of the two techniques (classical or skating), in order to determine training zones based on HR values. However, if one is to use threshold velocity, which is independent of the increase in the heart rate during prolonged exercise, the tests should be performed separately for each of the techniques ([Figure 5](#j_hukin-2018-0052_fig_005){ref-type="fig"}).

The comparison of the maximal values of the physiological variables examined for the skating and classical roller skiing techniques also did not reveal significant differences (HR = 189.3 ± 10.9 vs. 188.9 ± 10.6 bpm, VE = 143.6 ± 31.6 vs. 139.8 ± 31.7 l/min, VO~2max~ = 64.0 ± 4.65 vs. 61.5 ± 5.09 ml/kg/min, respectively), as illustrated in [Figures 2](#j_hukin-2018-0052_fig_002){ref-type="fig"}-[4](#j_hukin-2018-0052_fig_004){ref-type="fig"}. These data confirm that it is possible to use the classical and skating field tests interchangeably in order to assess the skiers' response to exercise at maximal intensity. On the other hand, in the TR test, significantly higher BLa~max~ and HR~max~ were observed than in the ST and CT tests ([Table 1](#j_hukin-2018-0052_tab_001){ref-type="table"}, [Figures 3](#j_hukin-2018-0052_fig_003){ref-type="fig"} and [5](#j_hukin-2018-0052_fig_005){ref-type="fig"}). Previous research ([@j_hukin-2018-0052_ref_004]; [@j_hukin-2018-0052_ref_020]; [@j_hukin-2018-0052_ref_028]) has also found HR~max~ as well as VO~2max~ to be higher during TR compared to roller skiing tests. In the current study, a similar response in terms of higher maximal oxygen uptake during TR was found only in the CT test ([Figure 2](#j_hukin-2018-0052_fig_002){ref-type="fig"}). Different results were obtained by Welde et al. ( 2003), who did not observe significant differences in maximal oxygen uptake during treadmill running compared to skiing using the diagonal stride technique. The discrepancies between the results reported in the literature and in the current study indicate a need to verify maximal treadmill running exertion variables using specific roller skiing tests.

Another finding was the lack of significant differences between threshold values in the treadmill running test and the roller skiing field test performed using the CT. Neither VO~2AT4~ nor HR~AT4~ differed significantly between the two types of tests ([Figures 2](#j_hukin-2018-0052_fig_002){ref-type="fig"} and [3](#j_hukin-2018-0052_fig_003){ref-type="fig"}). Similar results were obtained by [@j_hukin-2018-0052_ref_028] when comparing diagonal stride cross-country skiing with treadmill running. In a different study, [@j_hukin-2018-0052_ref_014] found lower values of HR~AT4~ during roller skiing using the double poling technique compared to treadmill running. The current study only found a non-significant trend (*p* = 0.053) towards lower HR~AT4~ values in the CT test compared to the TR test ([Figure 3](#j_hukin-2018-0052_fig_003){ref-type="fig"}). These results would suggest that threshold heart rate values (HR~AT4~) from the TR test can be used in training cross-country skiers using CT roller skiing. However, it is worth noting that HR~AT4~ was approximately 3% lower during the CT test than during the treadmill running test. Therefore, it is recommended that athletes perform a field roller skiing test if they consider applying HR values to training practice.

The comparison between threshold values obtained in the treadmill running test and the skating roller skiing field test showed that there were significant differences in the values of HR~AT4~, VE~AT4~, and V~AT4~ ([Figures 3](#j_hukin-2018-0052_fig_003){ref-type="fig"}-[5](#j_hukin-2018-0052_fig_005){ref-type="fig"}). The only exertion variable which did not differ between the two tests was oxygen uptake at the anaerobic threshold ([Figure 2](#j_hukin-2018-0052_fig_002){ref-type="fig"}). Other authors have found no differences in HR~AT4~ and VO~2AT4~; however, they did find significant differences in VE~AT4~ between treadmill running and skating cross-country skiing ([@j_hukin-2018-0052_ref_028]). Our findings indicate a diverse physiological response to exercise at AT4 intensity during roller skiing performed using the skating technique and treadmill running. This confirms that it is necessary to use field tests to determine training zones for skating roller skiing using the HR or V.

The study included only eight athletes and the authors realize that the quantity of the group can affect the power of the statistical conclusions. On the other hand practical implications from the study conducted on the selected, national team athletes can be useful for coaches, physiologists, and athletes for designing specific training programs.

Conclusions {#j_hukin-2018-0052_s_005}
===========

The analysis confirmed that performing tests under field conditions is an optimal way to determine threshold values for roller skiing training. The study showed that it was possible to use threshold HR values obtained in tests completed using the classical or skating techniques to determine roller skiing training loads. The threshold HR values achieved during the laboratory (TR) test were found to be moderately useful for selecting loads only in classical technique roller skiing training. The results of the study indicate that there is a need to verify maximal treadmill running exertion variables using specific roller skiing tests.

This research project (RSA2 003 52) was funded by the Polish Ministry of Science and Higher Education from the budget for science for the years 2013-2016..
